Using a compact optically-pumped silicon nanophotonic chip consisting of coupled silicon microrings, we generate photon pairs in multiple pairs of wavelengths around 1.55 µm. The wavelengths are tunable over several nanometers, demonstrating the capability to generate wavelength division multiplexed photon pairs at freely-chosen telecommunications-band wavelengths. * rkumar@ucsd.edu arXiv:1304.4989v1 [physics.optics]
Correlated photon pairs have traditionally been generated using bulk crystals and in optical fibers; however, SOI (silicon-on-insulator) based devices may be advantageous [1, 2] because of the high refractive index contrast between the silicon core and the silica cladding, which increases the mode confinement, enhances nonlinearity, and thus reduces the device size. Photon pairs are generated using spontaneous four-wave mixing, where two pump photons each of frequency ω p from a single pump beam generate a pair of photons at the Stokes (ω s ) and anti-Stokes (ω i ) frequencies. Periodically patterned silicon nanophotonic waveguides can have an effective Kerr nonlinearity coefficientγ eff ≈ 4, 000 W −1 m −1 to 10, 000 W −1 m −1 that is 5 to 6 orders of magnitude larger than that of Highly Non-Linear Fiber (HNLF) around 1.5 µm [3] [4] [5] , allowing for pair generation using only milliwatts of optical pump powers, in a regime where two-photon absorption and free-carrier generation losses may be small. Silicon microrings and microring arrays have been used in several recent demonstrations of photon pair generation and heralded single photon generation [1, 2, [6] [7] [8] [9] [10] .
Compared our previous report [6] , here we have improved (lowered) the propagation loss, and designed a more compact structure with fewer cascaded rings which allowed us to demonstrate a significantly higher coincidence-to-accidental ratio (CAR). Furthermore, we report two other advancements:
(1) We demonstrate generation of photon pairs whose wavelengths can be tuned, using electrical current-driven thermo-optic change of the refractive index.
(2) We demonstrate experimentally that a device based on silicon microrings can generate multiple lines of Stokes and anti-Stokes photon pairs coupled into the same output waveguide.
The experimental setup is shown in Fig. 1 . Photon pairs are generated in a coupledresonator optical waveguide (CROW) consisting of 11 cascaded microrings, cumulatively spanning a distance of 0.23 mm on the silicon chip. The transmission spectrum of the CROW is shown in Fig. 2 , with several passbands of about 1.75 nm in spectral width separated by the 7 nm free spectral range of the constituent microrings. The devices were fabricated using CMOS-compatible processes on SOI wafers with 220 nm silicon layer height, and singulated into chips for testing using edge-coupled waveguide-to-fiber tapers. The insertion loss of each fiber-to-waveguide coupler was estimated as 4.3 dB, based on calibration measurements on separate test sites. Light was transmitted through the CROW in a disorder-tolerant slow light regime, with slowing factor S = n g,CROW /n g,W G between 32 and 42, depending on the wavelength (n g,CROW is the group index of the CROW; n g,W G is the group index of a conventional waveguide), which is about 3x higher than in our earlier report [6] . The propagation loss was about 0.13 dB per ring including slow light enhancement of the loss, i.e., an insertion loss of about 1.4 dB for the microring section (about 6 dB improvement from
Ref. [6] ). Compared to a conventional waveguide, the rate of spontaneous pair generation can be enhanced by a factor of S 4 in an ideal CROW. Compared to a single microring, the CROW can offer an N 2 enhancement in the generation rate, or, alternatively, wider passbands for ease of experimental alignment, and increased thermal stability [11] .
Using the setup shown in Fig Table I , where we report on the three nearest bands relative to a fixed pump wavelength, as shown in Fig. 2 . The generated Stokes and anti-Stokes photons were separated using a tunable set of narrowband filters with full-width at half-maximum (FWHM) of 0.6 nm for the C-band and 1.0 nm for the L-band, with insertion loss of 6.2 dB in each case, and passband-to-stopband contrast exceeding 150 dB. Photons were detected using InGaAs single photon avalanche detectors (SPADs) using a reverse bias voltage of 3.0 V, resulting in an estimated quantum efficiency of 10 %. The SPADs were electrically gated with a window of 4 ns, synchronously with the optical pump repetition rate. The averaged detector dark count rates in the two channels were measured to be 94 Hz and 195
Hz. The measured average singles count rates were 98 kHz for the anti-Stokes photons in the C-band and 76 kHz for the Stokes photons in the L-band. Table I reports the coincidence-toaccidental ratio (CAR), which is a metric calculated as described in Refs. [1, 2, 6-10] among others, that depends on various parameters such as the pair generation rate, detector dark counts, detector gating window, multi-pair generation probability and optical propagation losses in the measurement pathway. Generally, a value of CAR > 10, as shown in Table I, shows adequate utility of the device as a quantum light source [1, 2] . These results show a 6x improvement in CAR compared to Ref. [6] .
When the chip was thermally heated or cooled using a thermo-electric module, the spectrum shifted cleanly, and without loss of contrast. As shown by the insets to Fig. 3 , both the anti-Stokes and the Stokes wavelengths at which pairs were generated shifted smoothly to longer wavelengths upon heating, without significant change in their spectral separation (λ Stokes − λ anti-Stokes ). Thus, in this device, photon pairs can be generated at any wavelength, e.g., aligned to a grid of lambdas prescribed by a fiber network, if the free spectral range of the constituent microrings is also compliant with this grid. To demonstrate this tunability, we changed the temperature of the chip, using an electrical current driven thermo-optic effect, and tuned the input pump wavelength and the output filters, in accordance with the predictions of energy and momentum conservation. In Table II , we report the pair generation rate for Band 2 (indicated in Fig. 2 ) at several different temperatures; Bands 1 and 3 have similar temperature tuning behavior. In Fig. 3 , we show that the wavelength shift was linear with temperature, and a high CAR value was maintained while tuning. This shows that such a device may be useful for wavelength-division multiplexing (WDM) of silicon photon pair sources.
In summary, we demonstrated photon pair generation from a comb of frequencies produced by a coupled-microring resonator device pumped by a single wavelength, and the capability of tuning, via electric current, the wavelength of the generated pairs. This demonstration is a step towards realization of compact, electrically-tunable wavelength-division multiplexed quantum light generating devices made using CMOS-compatible fabrication and silicon photonics. Table I . Insets: Peak pair generation wavelengths for anti-Stokes (top -left) and Stokes (bottom -right) as shown here by tuned filtering channels, in front of the wavelength insensitive SPADs. 
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a Temperatures were estimated using a measurement of resistance and a thermistor equation:
T T0 ], where R T is the resistance at a temperature T, β = 3901 was the specified material constant of the thermistor, and R T0 = 10 kΩ was the resistance at T 0 =298.15 K. b Coincidence-to-accidental ratio. c Pair generation rate at the output of the 11-ring section.
